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ABSTRACT
The purpose of the present study was to provide a reliable
value for the speciﬁc grain-boundary resistivity ρSGBR of Ni
metal. New results are presented on the room-temperature
electrical resistivity of nanocrystalline (nc) Ni metal samples
produced by electrodeposition with various grain sizes.
These resistivity data were compared with previous reports
on nc-Ni and all results were analysed according to the
procedure of Andrews [Phys. Lett. 19, 558 (1965)] who
found that the resistivity increment due to grain boundaries
is proportional to the grain-boundary surface area per unit
volume which is, on the other hand, inversely proportional
to the grain size. It is pointed out that the grain size directly
accessible by transmission electron microscopy imaging is
the relevant parameter for the evaluation of ρSGBR whereas
the crystallite size deduced from X-ray diﬀraction line
broadening leads to an underestimation of ρSGBR because
coherency-breaking intragrain defects not contributing
signiﬁcantly to the resistivity also cause a line broadening.
From the evaluation of the nc-Ni resistivity data at room
temperature, we ﬁnd that 4.45·10−16 Ω·m2 < ρSGBR(Ni) <
6.2·10−16 Ω·m2 and our upper bound agrees exactly with
the most recent calculated value in the literature.
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1. Introduction
At ﬁnite temperatures, the electrical resistivity of a single-crystal pure metal is
determined by the lattice contribution due to the electron–phonon scattering
[1]. By converting the single crystal into a polycrystal, various structural
defects are introduced into the lattice. The lattice defects, due to their positional
disorder (short-range eﬀect), represent additional electron scattering centres for
the conduction electrons and this leads to an increase of the resistivity at any
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temperature, even at T = 0 K [1]. We will restrict ourselves to the presence of
grain boundaries as the only (or dominating) lattice defect type. For this particu-
lar case, Ziman [1] suggested that, due to the orientational misﬁt between two
neighbouring grains (long-range eﬀect), we can consider that an electron arriv-
ing at a grain boundary can undergo a scattering event also as a consequence of
the change of its wave vector direction with respect to the crystal axes (we may
call it also orientational eﬀect). In the case of the short-range eﬀect, the grain
boundaries as lattice defects can be represented by a scattering potential of a
given amplitude (scattering strength) and spatial width (the thickness of a
grain boundary is determined by the number of atomic layers which appear
as perturbed atomic planes with respect to the perfect crystal on both sides of
the grain-boundary core). Concerning the long-range (or orientational) eﬀect,
it can be treated by considering the anisotropy of the Fermi surface of the metal.
Lormand [2] gave a summary of early theoretical attempts to take into
account the two ways grain boundaries inﬂuence the resistivity, concluding
that probably the orientational eﬀect may be the dominating one in determining
the contribution of grain boundaries to the resistivity.
To test the theoretical approaches, experimental data are needed for the grain-
boundary contribution to the resistivity. The ﬁrst successful attempt in this
direction was made by Andrews [3] who noticed that the resistivity increased
linearly with the grain-boundary surface area per unit volume (SGB/V ). In par-
ticular, he introduced the concept of the speciﬁc grain-boundary resistivity ρSGBR
and also determined its value for Cu. This study was followed by the works of
Andrews et al. [4] on Cu and Al, Kasen [5] on Al and Mannan and Karim [6]
on Cu; subsequent early data on various polycrystalline metals have been col-
lected in several reviews [2,7,8].
In the early 1990s, Nakamichi and co-workers [9] demonstrated that by using
a SQUID device, one can measure the resistivity contribution of a single grain
boundary. They could also show that the speciﬁc grain-boundary resistivity
depends on the type of grain boundary (twist and orientation between the
grains separated by the given boundary). They concluded from this ﬁnding
that the grain-boundary resistivity is mainly caused by the electron scattering
from the core region of the grain boundary. We believe that this conclusion is
not necessarily valid since, evidently, not only the short-range eﬀect (inﬂuence
of boundary core region as scattering source), but also the above discussed orien-
tational eﬀect changes with the degree of the misorientation.
In the meantime, progress has been made also on the theoretical side in that
the resistivity of a single grain boundary could be derived by ﬁrst-principles cal-
culations [7,10,11]. Further theoretical work along this line is necessary to shed
more light on the relative importance of the short-range eﬀect and the orienta-
tional eﬀect in the total grain-boundary resistivity.
Since the measurement of the resistivity of a single grain boundary [9] is not
an easy task and requires the preparation of a speciﬁc bicrystal, most of the
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grain-boundary resistivity data have been collected on polycrystalline metals.
Therefore, the experimentally derived value of the speciﬁc grain-boundary res-
istivity for a polycrystalline metal usually represents a mean value only which is
an average over all types of grain boundaries present in the investigated sample.
In these studies, the grain sizes were typically in the micrometer range. In order
to determine the relatively small grain-boundary contribution, it usually
required to carry out the resistivity measurements at very low temperature
where the large phonon contribution background is suppressed. On the other
hand, by using a nanocrystalline (nc) metal specimen with grain sizes below
about 100 nm, the volume fraction of grain boundaries can be so high that
the grain-boundary contribution to the total resistivity can be successfully
measured even at room temperature.
Speciﬁcally for Ni metal, there have been several studies on the resistivity for
the nanocrystalline state (see, e.g. Refs. 12–15). McCrea et al. [14] have demon-
strated for electrodeposited nc-Ni that the linear increase of the resistivity with
increasing SGB/V, as observed by Andrews [3] in the micrometer range of grain
sizes for Cu metal, persists for Ni in the nanometric grain size range as well.
From this analysis, McCrea et al. [14] deduced a value of ρSGBR(Ni,295K) =
2.74·10−16 Ω·m2.
Recently, we have presented a detailed structural characterisation of electrode-
posited nc-Ni with various grain sizes [16,17] by X-ray diﬀraction (XRD) and/or
transmission electron microscopy (TEM). The work of McCrea et al. [14] insti-
gated us to carry out a similar study on the room-temperature electrical resistivity
of these nc-Ni foils and to perform the same analysis of the resistivity data, by
including also all nc-Ni resistivity data reported beforehand in the literature.
This paper is organised as follows. Section 2 is devoted to a description of the
evaluation scheme used for deducing ρSGBR from the experimental resistivity
data as a function of grain size. In Section 3, the investigated Ni samples,
their structural characterisation and the measurement techniques will be
described. Our new experimental results on the room-temperature electrical res-
istivity on nc-Ni are presented in Section 4. The extraction of ρSGBR(Ni) from all
available resistivity data on nc-Ni will be carried out in Section 5, together with a
discussion of all previous relevant data on Ni metal. A summary of the present
study will be given in Section 6.
2. Evaluation scheme for deriving the speciﬁc grain-boundary
resistivity
Our starting point is the approach of Andrews [3] who found a contribution to
the overall electrical resistivity that was proportional to the grain-boundary
surface area (SGB) per unit volume, i.e. SGB/V. The resistivity increment due to
the grain-boundary surface area per unit volume was then used to deﬁne the
speciﬁc grain-boundary resistivity ρSGBR. Along this line, we can write the
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total resistivity of a metal as
r = rbulk + rGB (1)
where ρbulk is the resistivity of the defect-free state with large grains, at least in
the micrometer range or above (this will be referred to as the bulk state) and
rGB = rSGBR · (SGB/V) (2)
is the total grain-boundary contribution to the resistivity. It is commonly
accepted [3–5,7,14] that SGB/V is inversely proportional to the average grain
diameter d, i.e.
SGB/V = kGB (1/d) (3)
with a constant proportionality factor kGB. We can write then for the total grain-
boundary resistivity:
rGB = rSGBR · kGB/d = A/d (4)
where we have introduced the Andrews parameter A = kGB·ρSGBR. Accordingly,
we have for the total resistivity
r = rbulk + A/d. (5)
This formula should be used to ﬁt the experimental data plotted as a function of
d (or 1/d ).
As to the proportionality constant kGB, various values were used depending
on the particular considerations applied. Andrews et al. [4] suggested kGB =
2.7, stressing that this is the commonly used value. McCrea et al. [14]
assumed that SGB/V can be calculated by using a tetrakaidecahedron as the
grain shape. Based on the result of DeHoﬀ and Rhines [18], they derived this
way a proportionality factor of kGB = 2.37. Brown [7] took a diﬀerent approach
by using the results of Smith and Guttmann [19] for a random three-dimen-
sional structure of contiguous grains together with the results of Hensler [20]
for a wide range of size distributions of spherical grains. In this manner,
Brown [7] derived the proportionality factor kGB = 32/π
2∼ 3.24, provided the
grains are not severely elongated, i.e. they are nearly equi-axed.
By considering the uncertainty in the value of the proportionality factor kGB,
we will proceed by ﬁtting the experimental resistivity data to eq. (5) to determine
the Andrews parameter A. Since A is the experimentally directly accessible par-
ameter, being independent of any assumption, it is evident that when results of
diﬀerent works on a given metal are to be compared, it is the best to do the com-
parison on the basis of the ﬁtted A values or we should use the same kGB factor to
convert A to ρSGBR. The same holds true if we want to compare the results on two
diﬀerent metals. When comparing with theoretical ρSGBR values, the uncertainty
of kGB persists in the experimental ρSGBR values as well; however, when convert-
ing A values of two metals to ρSGBR data by using the same kGB factor, the
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relation between the ρSGBR values of the two metals are preserved, so that a com-
parison with their calculated values is meaningful.
Along this line, we will mainly base the discussion of results on the exper-
imentally derived A values and it will always be made clear which kGB value is
used when converting A to ρSGBR. The analysis of the experimental data is
carried out by plotting ρ against 1/d, then performing the ﬁt to eq. (5) in
order to determine A after which the data are shown in the form of ρ vs. d
plots and displaying also the ﬁt line.
3. Experimental
3.1. Samples investigated
The results of electrical transport measurements to be presented here were
obtained on metallurgically processed as well as electrodeposited pure Ni
metal foil samples. The metallurgically processessed samples (all corresponding
to bulk Ni with large grain sizes and in an annealed state) were considered as
reference only to demonstrate the accuracy of our resistivity measurements.
(i) Metallurgically processed Ni foils were prepared by cold rolling and
annealing ingots from two diﬀerent sources. After cold rolling in several
steps down to a thickness between about 50 and 100 μm, the foils were
exposed to a heat treatment at about 700°C for 1 h in a protecting hydrogen
atmosphere to release the stresses introduced by the cold-rolling procedure.
The samples prepared in this manner included the following Ni foils: sample
#B5 prepared from electrolytic grade Ni and sample #Ni(99.99+%) prepared
from a high-purity ingot.
Two further Ni foils were also included in the electrical transport studies:
sample #GF-Ni(50 μm) of at least 99.6% purity and sample #GF-Ni(250 μm)
of 99.98% purity, both foils purchased from Goodfellow Company with thick-
nesses as speciﬁed in the sample names.
(ii) Electrodeposition was used to prepare thin Ni foils on metallic substrates
as described in Refs. 16 and 17. The substrates were then removed from the Ni
deposits by mechanical stripping or electrochemical etching. Five of the nc-Ni
samples investigated here were the same for which the structural properties
were reported separately [17]. Five more nc-Ni samples were also prepared
under the same conditions for the present resistivity study and their structural
characterisation was carried out in the same way. These ten electrodeposited
(ED) Ni samples having a thickness of about 20 μm will be denoted as ED Ni
series.
Two further ED Ni foil samples were also included in the present work:
sample #B2 and sample #Ni(TKE) with a thickness of about 10 and 5 μm,
respectively. These Ni samples were prepared for earlier studies reported in
Ref. 21 under conditions described there.
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Chemical analysis was carried out by energy-dispersive X-ray spectroscopy in
a TESCAN MIRA3 scanning electron microscope equipped with an EDAX
Element analyser on all the investigated Ni foils. Some C and O contamination
was found for all samples which are very probably surface impurities only since
they were detected in both the electrodeposited and the metallurgically pro-
cessed samples roughly in the same amount. Besides C and O, no other non-
metallic impurities were observed up to the detection limit (about 0.1 at.% in
our method for elements with atomic number larger than 10) in all the Ni foil
samples. In Ref. 12, a mass-spectrometric analysis of an ED nc-Ni sample
with a grain size of the order of 50 nm yielded 0.35. at.% C impurity. Since
elemental carbon can hardly be incorporated into the lattice of a metallic
deposit during electrodeposition, if it is indeed present in the deposit, it is
most probably present in the form of inclusions of organic additives used in
the electrodeposition baths which, therefore, can hardly contribute to the resis-
tivity. But even if we take, at the very extreme, this detected amount as dissolved
in the lattice, we get a resistivity increment of 1 μΩcm only on the basis of avail-
able data on the inﬂuence of impurities on the resistivity of Ni. On the other
hand, we will see later that the grain size reﬁnement results in a resistivity
increase by a factor of three over the bulk value (from the bulk value
7.24 μΩcm to about 20 μΩcm at around 10 nm grain size). In electrodeposits,
another non-metallic impurity, S is also often found for which the available res-
istivity increment data in a Ni matrix indicate a resistivity increase of about
3 μΩcm/at.%. Since we could not detect S above a level of 0.1 at.%, the resistivity
increase due to S is at most 0.3 μΩcm. By considering that the above C contri-
bution is certainly strongly overestimated, it turns out that the resistivity incre-
ment due to the possible non-metallic impurities is of the same size as our
resistivity measurement error to be speciﬁed later in Section 4.1. Therefore,
we should not really have a concern about the non-metallic impurities when
analysing the grain size dependence of the resistivity in nc-Ni. As to the metallic
impurities, two of the Ni samples in the ED Ni series contained about 3 at.% Co
impurity which should be the result of the presence of Co impurity in the Ni-
source chemical used to produce those two particular electrodeposited
samples. The possible implication of the Co impurities on the resistivity of
these nc-Ni samples will be discussed in Section 4.
3.2. Structural characterisation
3.2.1. Microstructure study: XRD vs. TEM
It was pointed out in Refs. 16 and 17 that one should make a clear distinction
between the grain size d directly revealed by TEM image analysis and the crystal-
lite size <x> that is derived from an XRD line-broadening study. We have found
a correlation between the two kinds of size parameter [17] in that the XRD crys-
tallite size was smaller than the TEM grain size and this will have a consequence
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also on the analysis of the resistivity data as we will see later. Therefore, in the
following, we will always make a clear distinction between d and <x>.
Whereas the determination of the grain size by the evaluation of dark-ﬁeld
TEM images is a fairly standard procedure [16,17], the derivation of the crystal-
lite size corresponding to the average size of the coherently scattering domains
by using the broadening of the XRD lines can be performed in several diﬀerent
ways [22]. The simplest approach is the use of the Scherrer formula [23] by
deriving the crystallite size from the broadening of the major Bragg peak of
the XRD pattern. The next step is the use of the classical Williamson-Hall
plot [23] when an extrapolation from the broadening of all measured XRD
peaks is made to get the crystallite size. A more advanced evaluation is based
on the modiﬁed Williamson-Hall analysis by taking into account the
inﬂuence of dislocations on the broadening of individual Bragg peaks which
method was speciﬁcally elaborated for nanocrystalline materials in the last
two decades [22,24,25]. The most powerful version of XRD studies of the micro-
structure is the whole-proﬁle-ﬁtting procedure in which the diﬀraction pattern is
ﬁtted by theoretical proﬁles related to the crystallite size and its distribution, dis-
locations and twin faults [22].
3.2.2. TEM and XRD study of the microstructure of the ED Ni series samples
The microstructure of the ED Ni series samples was investigated both by direct
TEM imaging and by XRD line proﬁle analysis [22] which methods are
described in more detail in Refs. 16 and 17.
The microstructure was investigated by TEM using a Philips CM20 trans-
mission electron microscope operated at an acceleration voltage of 200 kV.
TEM images were taken in both planar and cross-sectional views, the latter
studies carried out at both the substrate side and the solution side of the
deposit foils. In order to achieve a combination of good resolution and high
number of studied grains, for the grain size determination dark-ﬁeld images
were taken with a magniﬁcation of 50,000. The mean TEM grain size d was eval-
uated from the grain size distribution histograms obtained by averaging over
about 1000 grains for both the electrolyte and substrate sides and for both the
planar and cross-sectional views.
A bright-ﬁeld TEM image and the corresponding SAED pattern are shown in
Figure 1 for one sample of the ED Ni series which indicate the very ﬁne-grained
structure (see especially the numerous, almost continuous diﬀraction rings in
the SAED patterns) of this Ni sample. As indicated in the ﬁgure caption, for
this particular sample, the structural features of both the electrolyte and sub-
strate sides of the deposit were the same.
Qualitatively, very similar results were obtained also for the other samples of
the ED Ni series; where the structural features were diﬀerent for the two sides of
the deposit, the results were averaged. More details of the TEM sample prep-
aration and the evaluation of the TEM results as well as TEM and XRD
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results for several of the samples included in the present resistivity study were
described in Refs. 16 and 17. The TEM structural studies demonstrated that
the ED Ni series samples are nanocrystalline.
The microstructure of the ED Ni series samples was investigated also by X-ray
line proﬁle analysis. The XRD patterns were measured by a RA-MultiMax9
rotating anode diﬀractometer using CuKα1 radiation with a wavelength of λ =
0.15406 nm. The diﬀractograms were evaluated by the extended Convolutional
Multiple Whole Proﬁle (eCMWP) ﬁtting method [22]. During this procedure,
the diﬀraction peaks in the patterns were ﬁtted by theoretical proﬁle functions
which were obtained as the convolution of the peaks caused by the ﬁnite crystal-
lite size, dislocations and twin faults. The theoretical line proﬁle related to the
ﬁnite size of crystallites was calculated for spherical crystallites with a lognormal
size distribution. The eCMWP procedure yields the median (m) and the lognor-
mal variance (σ2) of the crystallite size distribution, the dislocation density and
the twin fault probability, where the twin fault probability is deﬁned as the frac-
tion of twin boundaries among the (111) lattice planes. The arithmetically aver-
aged crystallite size <x> (i.e. the mean of the size distribution) can be obtained
from m and σ2 as <x> =m × exp(0.5 σ2). The details of the eCMWP procedure
can be found in Refs. 16, 17 and 22. Because of the nano-grained microstructure
of the studied samples, the physical broadening of the proﬁles was much higher
than the instrumental broadening. Therefore, instrumental correction did not
need to be applied in the evaluation. The mean XRD crystallite size <x> was
deduced from the resulting ﬁtted lognormal distributions.
Figure 2(a) displays the measured XRD pattern and its ﬁtting with the
eCMWP procedure for the same sample for which the TEM image was shown
in Figure 1. The ﬁtted XRD crystallite size distribution from the eCMWP
Figure 1. Bright-ﬁeld cross-sectional TEM image and indexed SAED pattern at the electrolyte
side of the nc-Ni sample #FAC3 of the ED Ni series. The substrate side exhibited the same
features.
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analysis is shown in Figure 2(b) together with the TEM grain size histogram for
the same ED nc-Ni sample. According to Figure 2(b), the XRD study also
demonstrates that the sample investigated is nanocrystalline and that the
average XRD crystallite size is smaller than the average TEM grain size. Very
similar results were obtained for all the ED Ni series samples. The crystallite
and grain sizes will be given later in Table 1.
3.2.3. XRD study of the microstructure of the ED Ni samples #B2 and #Ni(TKE)
In this subsection, we will present the results of the XRD studies on the pre-
viously prepared two ED Ni samples, #B2 and #Ni(TKE).
Figure 2. (a) Measured XRD pattern (open circles) recorded on the electrolyte side of the nc-Ni
sample #FA3 of the ED Ni series and the ﬁt curve from the eCMWP analysis (solid line); (b) TEM
grain size histogram from the cross-sectional TEM image taken on the electrolyte side (see Figure
1) and ﬁtted crystallite size distribution from the eCMWP analysis of the XRD pattern in (a) for the
nc-Ni sample #FA3 of the ED Ni series.
Notes: (i) at such deposit thicknesses, XRD samples roughly half of the total thickness; (ii) both TEM and XRD exhib-
ited the same features on both sides of the deposit for this sample.
PHILOSOPHICAL MAGAZINE 1147
The measured XRD patterns were evaluated both by the eCMWP procedure
as for the ED Ni series in Section 3.2.2 and by the modiﬁed Williamson-Hall
analysis as described in Ref. 25 for another ED Ni sample from our laboratory.
The XRD crystallite sizes from the eCMWP procedure were <x> = 66 ± 7 nm
(sample #B2) and 57 ± 6 nm (sample Ni(TKE)). By using the modiﬁed William-
son-Hall XRD analysis [25], we obtained <x> = 82 ± 9 nm (sample #B2) and 61
± 7 nm (sample Ni(TKE)). For both samples, <x> is smaller when evaluated by
the eCMWP procedure. This is understandable since in this method <x> is
deﬁned as the arithmetically averaged grain size, whereas in the modiﬁed Wil-
liamson-Hall analysis the obtained size parameter <x> corresponds to a volume-
trically weighted average of the crystallite sizes and, thus, the larger weighting
factor of large crystallites shifts the average upwards. In any case, the XRD
data demonstrate that these two ED samples can also be considered as nc-Ni.
Due to the lower thickness of these two deposit samples, their recorded XRD
patterns and the evaluated crystallite sizes are characteristic for the total deposit
thickness. It is noted furthermore that, in order to keep homogeneity, when dis-
playing the resistivity against XRD crystallite size later, for these two samples we
will use only the <x> values derived from the eCMWP analysis.
3.2.4. XRD study of the microstructure of the metallurgically processed Ni
sample #B5
The width of the Bragg peaks of sample #B5 was as narrow as the instrumental
broadening. Therefore, the diﬀraction proﬁles could not be used to deduce the
crystallite size of this sample. Nevertheless, according to former investigations
[22], such narrow diﬀraction peaks usually indicate crystallite sizes larger than
one micrometer. A comparison of the diﬀraction proﬁles of samples #B2 and
Table 1. Preparation details (electrodeposition bath and substrate), TEM grain size (d ), XRD
crystallite size (<x>) obtained from the eCMWP analysis and room-temperature resistivity (ρ)

















#SC7 SAA [17] Cu 29 ± 2 22 [17] 11.71
#SC8 SAA [17] steel 29 ± 4 this work 11.70
#NC2 CLS [17] Cu 33 ± 4 20 [17] 10.46
#NC10 CLS [17] steel 40 ± 16 this work 9.91
#FA3 FAA [17] Cu 66 ± 9 34 this work 11.01
#TN2 TSC [17] Cu 79 ± 8 31 [17] 9.77 (9.30)
#TN3 TSC [17] steel 105 ± 13 this work 9.81
#NA5 NOA [17] Cu 93 ± 18 35 [17] 8.83
#NA6 NOA [17] steel 86 ± 15 this work 8.88
#NC*33 CLO [17] Cu 148 ± 33 38 [17] 8.52 (7.95)
#B2 T [21] Cu 66 (82) this work 8.78
#Ni(TKE) T [21] Cu 57 (61) this work 9.96
Notes: (i) The XRD crystallite size data in italics in brackets for the last two samples (#B2 and #Ni(TKE)) were derived
from the modiﬁed Williamson-Hall analysis; (ii) The resistivity data given in italics in bracket for the samples #TN2
and NC*33 will be explained later in this section.
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#B5 also revealed that the crystallite size of sample #B5 is deﬁnitely much larger
than that of sample #B2. Accordingly, in the following sections sample #B5 will
be referred to as microcrystalline Ni (μc-Ni) and it corresponds actually to bulk
Ni.
Although no structural study was carried out for the other metallurgically
processed Ni foil samples, they should exhibit fairly similar structural features
as the bulk Ni sample #B5.
3.3. Electrical transport measurements
For the electrical transport measurements, a rectangular strip of about 1–2 mm
wide and about 5–20 mm long was cut from the Ni foils. A four-point-in-line
probe with spring contacts was used to measure the resistance of the strips at
room temperature.
The resistivity ρ was determined from the usual formula: Rm = ρ·lr/(t·w) where
Rm is the measured resistance between the two gold-plated and pin-shaped
potential contacts separated by a distance lr, t is the strip thickness and w is
the strip width. The strip thickness t was determined from the known density
as well as the measured width w and mass m of the strip having a total length
of lm. We used 8.91 g/cm
3 for the room-temperature density of Ni [26].
The least accurate parameter of the sample dimensions in the above resistivity
formula is the foil thickness t which was in the range 5–100 μm. As mentioned
above, for getting parameter t, we need to know the strip width w that was deter-
mined the following way: by taking a top-view photographic image of the strip,
we determined the strip area by an image-processing software, then calculated
the average strip width w by using the measured strip length lm. This density-
based procedure yielded much less scattered resistivity values than by measuring
directly the strip thickness by any mechanical calliper or dial.
4. Resistivity results on bulk and nanocrystalline Ni
4.1. Bulk (microcrystalline) Ni samples
As described in Section 3.1, four diﬀerent bulk Ni samples were investigated in
the present work.
The most detailed measurements were carried out for the Ni sample #B5. Six
independent strips with a length of about 20 mm and a width of about 2 mm
were cut from the 5–10 mm wide cold-rolled and annealed strips. For each
strip used for the resistivity measurement, the thickness was determined by
the photographic method described in Section 3.3. Then, the resistance was
measured for each strip 5–6 times to get their average resistance individually
which were then converted to get their resistivity ρ. Finally, the ρ values were
averaged and this yielded the following average resistivity for the Ni sample
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#B5: ρ = 7.36 μΩ·cm with a standard deviation of ±0.21 μΩ·cm. The latter value
represents an error of ±3 % for the average value of resistivity. This can be con-
sidered as the accuracy of the resistivity determination by our measurement
method for the sample dimensions and resistivities studied here.
The standard room-temperature resistivity value for bulk Ni is ρ =
7.24 μΩ·cm [27]. This means that with our experimental procedure we could
reproduce the pure Ni reference value on our strip samples with the sizes
used within our experimental uncertainty.
The resistivity values were determined also for the other three bulk (micro-
crystalline) Ni samples, for each sample on a single strip and the results obtained
are as follows: (i) ρ = 7.32 μΩ·cm for sample #GF-Ni(50 μm), (ii) ρ = 7.35 μΩ·cm
for sample #GF-Ni(250 μm) and ρ = 7.54 μΩ·cm for sample #Ni(99.99+%). It
can be seen that for the ﬁrst two samples the ρ values are also very close to
the standard bulk Ni value, they are within the same error range (±3 % ) as
sample #B5 and even for the third sample (#Ni(99.99+%)), the deviation is
still within 4 %.
4.2. Nanocrystalline Ni samples
The resistivity was measured in detail for the samples of the ED Ni series. For
one strip of each sample, the resistance was measured seven times and averaged
to get the resistivity values of each sample. For four of the ED Ni series samples,
two more strips were also measured in the same way and, ﬁnally, all the resis-
tivity data of a given sample were averaged.
Table 1 summarises the preparation details, the grain size d from TEM and
the crystallite size <x> from XRD line proﬁle analysis for the investigated ED
nc-Ni samples. From most of the bath types, two nominally identical samples
were prepared, one on Cu and another one on steel substrates. As explained
in Section 3.2, the structural data were taken either from Ref. 17 or were obtained
in the present study as indicated in the sixth column of Table 1.
The grain size values were obtained by a weighted average of the TEM data for
the planar and cross-sectional measurements, for the latter including both the
substrate and electrolyte sides of the deposits. The crystallite sizes given were
obtained as the averages of the XRD data measured on both sides of the deposits
(the XRD study was performed only on nc-Ni samples which were prepared on
Cu substrate). It appears that the XRD crystallite sizes are typically well below
the TEM grain sizes. The major reason for the diﬀerence is that, as explained
in detail in Refs. 16 and 17, XRD measures the size of the coherently scattering
regions (crystallites) and this is usually below the grain diameter that one can
directly assess from the TEM images. A comparison of the TEM grain sizes
and the XRD crystallite sizes on the very same ED nc-Ni samples in Ref. 17
revealed that the smaller the TEM grain size, the closer is the XRD crystallite
size to it, with the two quantities becoming equal around 17 nm grain size.
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The new results presented in Figure 2(b) give further support for this former
conclusion.
The room-temperature resistivity data on the samples of the ED Ni series are
given in the last column of Table 1. As noted in Section 3.1, two samples of this
series were found to contain Co impurity, speciﬁcally sample #TN2 contained
2.9 at.% Co and sample #NC*33 contained 3.6 at.% Co. According to Ref. 28,
the residual resistivity increase in Ni is 0.16 μΩ·cm/at.% Co impurity. By
using this value, we can estimate that for these two Ni samples, from the
measured resistivity as given in the last column of Table 1, about 0.5 μΩ·cm is
due to the presence of the Co impurity atoms. By subtracting this contribution,
the resulting room-temperature resistivity is given in italics in bracket after the
measured value for these two samples. So these bracketed resistivity data can be
considered as the correct values for the resistivity of pure nc-Ni with the
speciﬁed grain size.
The ρ value was determined also for the other two ED Ni samples and the
results were as follows: (i) ρ = 9.96 μΩ·cm for #Ni(TKE) and (ii) ρ =
8.78 μΩ·cm for #B2.
It is clear that all the resistivity data on our nc-Ni foils are larger than the bulk
(microcrystalline) Ni value ρbulk = 7.24 μΩcm [27]. According to the data in
Table 1, obviously, the trend is that the smaller the grain size, the larger the res-
istivity. The observed trend is in line with expectation based on the increasing
amount of grain boundaries with decreasing grain size, which represent excess
scattering centres for the conduction electrons, leading ﬁnally to an increase
of the electrical resistivity [1,13,14,29].
5. Speciﬁc grain-boundary resistivity of Ni
5.1. Analysis on the basis of all resistivity data reported for nc-Ni metal
5.1.1. Resistivity vs. TEM gain size d
The observed trend of the evolution of the room-temperature resistivity with
grain size in our nc-Ni samples is in good agreement with the results of all pre-
vious investigations on electrodeposited nc-Ni [12–15,21,30–32]. Figure 3 shows
all available resistivity vs. TEM grain size data reported on electrodeposited nc-
Ni, including the present results. When ﬁtting all available data to eq. (5) with
ﬁxed ρbulk = 7.24 μΩ·cm [27], the thick solid line was obtained with a reasonably
high ﬁt quality (R2 = 0.80) and with the Andrews parameter A =
14.7·10−16 Ω·m2. We have performed the ﬁt for all the TEM data also by allow-
ing ρbulk to vary: the values of A and ρbulk changed by about 6 % only whereas the
ﬁt quality parameter R2 improved by less than 1 % only. Therefore, we will retain
the ﬁxed ρbulk = 7.24 μΩ·cm value for the ﬁt and thus consider the resulting
A(Ni,300K) = 14.7·10−16 Ω·m2 value as the best ﬁt result from the resistivity
vs. TEM grain size data reported for all electrodeposited nc-Ni samples.
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It is noted that for samples #TN2 and #NC*33 in Table 1, we used in Figure 3
(and later also in Figure 4) the resistivity values obtained after correcting for the
Co impurity content. However, even when using the original measured resis-
tivity values, the Andrews parameter from the ﬁt of the data to eq. (5)
changes in the fourth digit only (by about 0.3 %), so the above A(Ni,300K) =
14.7·10−16 Ω·m2 value pertains for Ni for both resistivity values of samples
#TN2 and #NC*33.
5.1.2. Resistivity vs. XRD crystallite size <x>
As a next step, we will consider the resistivity data vs. XRD crystallite size <x> for
electrodeposited nc-Ni. Figure 4 shows the results from the three studies where
such data are available (this work as well as Refs. 14 and 15). For comparison, we
have added to Figure 4 also the ﬁt result (thick solid line) for all TEM data from
Figure 3. As explained beforehand (and can also be seen for our ED Ni series
samples in Table 1), the XRD crystallite size <x> for a given sample is always
smaller than the TEM grain size d. Clearly, whereas the available TEM-based
results were scattered more or less uniformly around the ‘all-TEM’ thick line
in Figure 3, all but one of the XRD-based data points lie below this reference
line in Figure 4.
The (red) triangles in Figure 4 are the reported data of McCrea et al. [14]
which they ﬁtted to eq. (5) with ﬁxed ρbulk = 8.33 μΩ·cm and this yielded then
ρSGBR(Ni) = 2.74·10
−16 Ω·m2 (by using their kGB = 2.37 value, this corresponds
Figure 3. Room-temperature resistivity ρ for all electrodeposited nc-Ni samples as a function of
the TEM grain size d. Key to symbols: open circles (present data on the ED Ni series from Table 1);
open triangles (data from our previous works [21,30,31]); open squares [13] and open diamonds
[32]. The thick solid line represents a ﬁt to eq. (5) for all displayed TEM data with ﬁxed ρbulk =
7.24 μΩcm and with the ﬁtted value A = 14.7·10−16 Ωm2 (ﬁt quality: R2 = 0.80).
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to A = 6.48·10−16 Ω·m2). These authors used the measured resistivity of an
annealed ED Ni sample with 300 μm grain size as the ﬁxed ρbulk = 8.33 μΩ·cm
value. If we ﬁt the data of McCrea et al. [14] with ﬁxed ρbulk = 7.24 μΩ·cm cor-
responding to the true bulk resistivity of Ni [27], we get A = 8.9·10−16 Ω·m2. By
considering the positions of our XRD-based data in Figure 4 (blue dots) with
respect to the data points by McCrea et al. [14], one can judge that our data
would yield a very similar A value as theirs. The data of Madduri and Kaul
[15] displayed in Figure 4 by (black) solid squares would yield somewhat
lower A values. Whereas each individual XRD-based datasets in Figure 4
could be ﬁtted to eq. (5) with an acceptable ﬁt quality parameter, the three data-
sets together show such a large scatter that it is not reasonable to carry out a ﬁt to
derive an A value. Therefore, we have just indicated by the dash-dot line in
Figure 4 an approximate average over all XRD-based data which would corre-
spond to an A value about half that derived from the TEM-based data in
Figure 3.
It should be noted at this point that the large discrepancy between the results
of various XRD-based studies may partly come from the fact that diﬀerent evalu-
ation procedures of the XRD pattern usually lead to diﬀerent crystallite size data
as discussed at the beginning of Section 3.2. In Section 3.2.3, we have provided
results that support this statement. Furthermore, a look at the XRD data evalu-
ation plots of an earlier ED Ni sample in Figs. 1 and 2 of Ref. 25 immediately
reveals that the Scherrer formula, the classical and modiﬁed Williamson-Hall
Figure 4. Room-temperature resistivity ρ for electrodeposited nc-Ni samples as a function of the
XRD crystallite size <x>. Key to symbols: closed circles: present data on the ED Ni series from
Table 1 and on samples #B2 and #Ni(TKE); closed triangles [14]; solid squares [15]. The thick
solid line is identical with that of Figure 4 (ρ vs. TEM grain size, from ﬁt for all TEM-based
data); the dash-dot line represents an approximate average over all displayed XRD data.
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analysis all will lead to diﬀerent <x> values. McCrea et al. [14] used the Scherrer
formula to derive the crystallite size, while in Section 3.2 we applied the XRD
eCMWP procedure for all of our ED Ni samples or constructed the modiﬁed
Williamson-Hall plot (for samples #B2 and #Ni(TKE)). At the same time,
Madduri and Kaul [15] used yet another method (the so-called Halder-
Wagner approach [33]) described in more detail in Ref. 34. Since each of the
XRD evaluation methods accounts diﬀerently for the inﬂuence of various
lattice defects on line broadening and, furthermore, because the details of the
electrodeposition procedure determine the types and amount of lattice defects,
the diﬀerent XRD evaluation methods of diﬀerently prepared samples may
easily lead to the observed large diﬀerences in the resistivity data when display-
ing the results of various reports as a function of the XRD crystallite size. A
further reason for discrepancy may come from diﬀerent XRD measurement
arrangements as well since, depending on whether the detector scans an
angular range or the sample is rotated, the grain size evaluated from the XRD
line broadening may yield a value either along the normal of the foil plane or
along a diﬀerent angle.
In spite of all these uncertainties, we can conclude that an evaluation of the
resistivity data on the basis of the available XRD crystallite sizes results in an
A value by about a factor of two smaller than an evaluation on the basis of
the TEM grain sizes, the latter yielding a room-temperature value of A(Ni) =
14.7·10−16 Ω·m2. The reason for the discrepancy between the XRD-based and
TEM-based evaluation lies in the fact that TEM yields larger grain sizes than
the crystallite size provided by XRD for the same sample [16,17] as evidenced
also in Table 1 for our ED Ni series. This is because within the grains, lattice
defects such as dislocation walls, stacking and twin faults are frequently observed
by TEM [16] which break the coherency of the scattering of X-rays and, thus,
cause a line broadening resulting in a smaller XRD crystallite size than the
TEM grain size. On the other hand, the contribution of these coherency-break-
ing defects to the resistivity is much smaller than that of the grain boundaries as
was demonstrated both experimentally [4,35] and theoretically [11]. Therefore,
the grain size derived from TEM should be considered as the relevant parameter
when accounting for the speciﬁc grain-boundary resistivity.
Based on all this, we conclude that our A(Ni) = 14.7·10−16 Ω·m2 parameter
obtained from all TEM-based resistivity data provides a reliable representation
of the grain-boundary contribution to the resistivity of Ni metal. The conversion
of our A(Ni) value to ρSGBR(Ni) will be made later when comparing the exper-
imental data to the theoretical values.
5.2. Comments on earlier resistivity results on nanophase Ni
There are also resistivity data reported for thin Ni ﬁlms which are certainly ﬁne-
grained and often even nanocrystalline. This is because it is well-known that for
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suﬃciently thin ﬁlms produced with any atom-by-atom deposition process, the
deposit grain size can decrease down to the nanosized regime, the lateral grain
size being typically very close to the ﬁlm thickness. In addition, very small ﬁlm
thicknesses may also result in an excess resistivity contribution due to the
enhanced surface scattering term [36–41]. The room-temperature resistivity
data of Reale [42] on thin Ni ﬁlms and the corresponding data of Böhnert
et al. [43] for Ni nanowires demonstrate that the combined eﬀect of a nanocrys-
talline structure and the conﬁned sample geometry can lead to much larger resis-
tivities than the bulk value. Unfortunately, at ﬁlm thicknesses which are
comparable to the electronic mean free path, the grain-boundary and surface
scattering contributions to the resistivity are hard to separate from each other
[38–40].
At this point, it is appropriate to make a note on the frequently quoted
[2,7,10] speciﬁc grain-boundary resistivity value derived from the room-temp-
erature experimental resistivity data of Wissmann [44] on evaporated Ni
ﬁlms. Wissmann [44] studied the microstructure of the Ni ﬁlms by XRD to
determine the crystallite size <x> and displayed the data as ρ·<x> vs. <x>
which yielded a fairly linear plot. Fitting a straight line to these data yielded par-
ameters which can be converted into a relation corresponding to eq. (5): ρ =
12 μΩ·cm + A/<x> with A(Ni) = 28.8·10−16 Ω·m2. Apparently, this A value was
used by Lormand [2] in his Table 1 as the speciﬁc grain-boundary resistivity
for Ni which is evidently wrong by a factor of about 3 (the magnitude of
kGB). Brown [7] quoted ρSGBR(Ni) = 14·10
−16 Ω·m2 from the results of Wiss-
mann [44] which is also too large in view of our results on the basis of the
XRD crystallite sizes. The A(Ni) value from the data of Wissmann [44] is
higher than our value by a factor of two with respect to the TEM-based data
or by a factor of four with respect to the XRD-based data. The reason for the
much higher value of A for the samples of Wissmann [44] comes partly from
the fact that the bulk Ni resistivity value of ρbulk = 12 μΩ·cm deduced from his
samples is also well above the true bulk Ni value of ρbulk = 7.24 μΩ·cm [27].
In line with this, it should be mentioned that the resistivity of a Ni ﬁlm with
10 nm thickness is about twice as high in Wissmann’s work [44] than the
value reported by Reale [42] for the same thickness. The fact that the resistivity
values of the Ni ﬁlms of Wissmann [44] are too large is shown by calculating the
resistivity of a ﬁlm with a crystallite size of 100 nm. Using A(Ni) =
28.8·10−16 Ω·m2 and ρbulk = 12 μΩ·cm, we get about 15 μΩ·cm for such a ﬁlm.
Including this value in the plot of Figure 4 immediately reveals that it is much
higher than the presently discussed nc-Ni resistivity values for comparable
grain sizes. It is not clear what is the origin of the too high resistivities of the
Ni ﬁlms of Wissmann [44], but an increased surface roughness or an eventual
contamination/oxidation of the ﬁlms may have easily resulted in the excess res-
istivity reported. In any case, the present results for Ni suggest that the A and
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ρSGBR data derived from the results of Wissmann [44] and quoted in Refs. 2, 7
and 10 are deﬁnitely too large and do not represent the true values for pure Ni.
5.3. Comparison of experimental and theoretical ρSGBR data for Ni
As discussed at the end of Section 2, due to the uncertainty of the proportionality
factor kGB, a comparison of the grain-boundary contribution to the resistivity
should be made on the basis of the experimentally directly determined
Andrews parameter A.
In Section 5.1, from an analysis of all available resistivity data on nc-Ni
samples for which TEM grain size data were reported, we obtained
A(Ni,300K) = 14.7·10−16 Ω·m2.
The most recent calculation for the speciﬁc grain-boundary resistivity of Ni
metal has been reported by Karolik and Luhvich [10] whose result was ρSGBR-
(Ni) = 6.2·10−16 Ω·m2 whereas a previous calculation [7] provided ρSGBR(Ni) =
1.9·10−16 Ω·m2. Above, we have derived A(Ni,300K) = 14.7·10−16 Ω·m2 for the
Andrews parameter from the experimental data on Ni and we should consider
the relation A = kGB·ρSGBR to make a conversion. As outlined in Section 2, the
value of kGB can vary from 2.37 to 3.24 in the various considerations. Accord-
ingly, the speciﬁc grain-boundary resistivity of Ni from our evaluation of the
nc-Ni data at room temperature can be in the range 4.45·10−16 Ω·m2 < ρSGBR-
(Ni) < 6.2·10−16 Ω·m2. Our upper bound matches very well the calculated
value of Karolik and Luhvich [10] whereas the previous theoretical result of
Brown [7] is outside the experimental range deﬁned by the uncertainty of kGB.
5.4. Resistivity of nc-Ni for very small grain sizes: comparison with
amorphous Ni
According to the TEM selected-area diﬀraction patterns reported in Refs. 16 and
17, electrodeposited nc-Ni samples such as those investigated in the present
work exhibit a fairly uniformly random orientation of the crystallites. Therefore,
evidently, the deduced grain-boundary resistivity values represent an average
over all type of grain boundaries which occur in these samples. On the other
hand, with decreasing grain size, the grain-boundary contribution to the
measured resistivity increases. As Figure 3 demonstrates, for grain sizes
around 10 nm the room-temperature resistivity of nc-Ni can be as high as
three times the bulk value.
The increasing volume fraction of grain boundaries with decreasing grain size
implies that a larger and larger fraction of atoms is in a topological state deviat-
ing from the perfect crystal. We may, therefore, ask how high the resistivity of
nc-Ni can be if the grain size is reduced to the extreme where the majority of
atoms is situated in a position not corresponding to a site within a perfect
crystal of Ni.
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An upper limit for the resistivity of Ni can be set as the resistivity of the struc-
turally most disordered, i.e. amorphous state. Since Ni metal has not yet been
produced in amorphous state, we can attempt to estimate the resistivity of amor-
phous Ni from the data on the resistivity of liquid Ni [45–48]. Figure 5 shows the
temperature dependence of the resistivity of Ni in the solid state [27] and in the
liquid state [45]. It can be seen that at high temperatures the resistivity of the
solid fcc phase increases slowly up to the melting point Tm. At the melting temp-
erature, the resistivity suddenly jumps from about 55 μΩ·cm of the solid fcc
phase to about 85 μΩ·cm of the liquid state, the latter exhibiting a complete
topological disorder. The thin solid line above Tm represents the resistivity
evolution with temperature in the liquid state as reported in Ref. 45. Similar
temperature dependence of the resistivity was observed for liquid Ni also in
Refs. 46–48 and the two dashed lines as well as the two dash-dot lines represent
the extrapolation of the liquid-state resistivity data of all these works to room
temperature. Since the liquid and amorphous state can be considered as
having the same disordered topological arrangement of Ni atoms, we can con-
sider the liquid-state resistivity extrapolated to 300 K as corresponding approxi-
mately to the room-temperature resistivity of amorphous Ni. According to
Figure 5, the resistivity of amorphous (a) Ni at T = 300 K can be taken as
about ρ(a-Ni) = 70 ± 10 μΩ.cm.
By inserting now the experimentally derived Andrews parameter A(Ni,300K)
= 14.7·10−16 Ω·m2 into eq. (5) with ρbulk = 7.24 μΩ·cm [27], we can estimate that
the resistivity of nanocrystalline Ni reaches the above value for amorphous Ni at
a grain size of d = 2.3 ± 0.4 nm.
On the other hand, by assuming a grain boundary thickness of 1 nm, Palumbo
et al. [49] estimated that at this grain size the fraction of atoms within the crystal-
lites reduces to about 20%whereas the fraction of atoms in both the grain bound-
aries and in the triple line junctions between three connecting grains amounts to
about 40%. This implies that at a grain size of about 2.3 nm,most of the atoms are
Figure 5. Temperature dependence of the resistivity ρ of Ni metal in the solid fcc phase [27] and
in the liquid state as well as the extrapolation of the liquid-state data to 300 K from Refs. 45–48.
Tc: Curie point; Tm: melting point.
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already situated in a topologically rather disordered state, so the whole nanocrys-
talline material has an atomic disorder certainly very close to that of the amor-
phous state. This supports the above conclusion that at this small grain size the
resistivity of nc-Ni matches fairly well that of amorphous Ni.
6. Summary
In the present paper, the main emphasis was put on analysing the grain size
dependence of the electrical resistivity in metals in order to extract the
speciﬁc grain-boundary resistivity (ρSGBR). We have relied on the original analy-
sis procedure of Andrews [3] who recognised that the contribution of the grain
boundaries (ρGB) to the total resistivity increases linearly with the grain-bound-
ary surface area per unit volume (SGB/V ) and, thus, ρGB = ρSGBR·(SGB/V ). On the
other hand, topological considerations lead to the result that SGB/V = kGB (1/d)
where d is the average grain diameter and kGB is a model-dependent proportion-
ality constant varying in the reported cases from 2.37 to 3.24. Along this line, we
can write for the total resistivity ρ = ρbulk + ρGB = ρbulk +A/d where the Andrews
parameter A = ρSGBR·kGB is introduced. Due to the large variation of the kGB
factor in various models, it is suggested to compare results of various reports
on a given metal on the basis of the A parameter rather than the ρSGBR values
which may depend on the actual choice of the kGB factor. The same is true if
we want to compare speciﬁc grain-boundary resistivity data for two diﬀerent
metals or experimental and theoretical data for a given metal.
We have presented new results for the room temperature electrical resistivity
of nc-Ni by measurements on electrodeposited Ni foils for which the structural
characterisation included both the grain sizes d determined by TEM and the
crystallite sizes <x> deduced from XRD analysis. Based on these structural
data, we compared our results with previously reported nc-Ni resistivity data.
The data from all measurements could be properly analysed according to the
procedure of Andrews [3]. However, it could be established that we get
diﬀerent A values when analysing the data for samples for which the TEM
grain size was reported and data for samples with XRD crystallite sizes. The sys-
tematic diﬀerence is explained with the help of our ED Ni series samples for
which both d and <x> data were available and the diﬀerence could be traced
back to the diﬀerent meaning of the two kinds of structural parameter. The
structural parameter relevant for the electrical resistivity is the TEM grain size
d since the XRD crystallite size <x> involves also the eﬀect of coherency-break-
ing lattice defects inside the grains which, on the other hand, give a negligible
contribution only to the resistivity [4,11,35].
Based on the above considerations, we could deduce A(Ni) = 14.7·10−16 Ω·m2
at room temperature by taking into account all available resistivity results where
TEM grain sizes were reported. By considering the uncertainty of the kGB factor,
this can be converted to a range of ρSGBR(Ni) values. The speciﬁc grain-boundary
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resistivity of Ni from our evaluation of all nc-Ni resistivity data at room temp-
erature is in the range 4.45·10−16 Ω·m2 < ρSGBR(Ni) < 6.2·10
−16 Ω·m2 and our
upper bound agrees exactly with the most recent theoretical value in the litera-
ture [10]. By using the ρSGBR(Cu) value reported by Andrews et al. [3,4], we ﬁnd
that ρSGBR(Ni)∼ 2 ρSGBR(Cu) which is in good qualitative agreement with the
ratio of the resistivities of bulk of Ni and Cu.
By using the experimentally determined Andrews parameter for Ni, we have
estimated that the resistivity of nc-Ni reaches the resistivity of amorphous Ni at a
grain size of about 2.3 nm where most of the atoms are already situated in topo-
logically rather disordered sites strongly resembling the amorphous state. This
ﬁnding also justiﬁes the reliability of the analysis on the basis of eq. (5) since
an extrapolation from the grain size range where resistivity data were available
down to extremely small grain sizes yields a resistivity value in reasonable agree-
ment with the estimated room-temperature resistivity of amorphous Ni. This
latter value can be considered as an upper limit for the room-temperature res-
istivity of Ni metal, i.e. the resistivity of nc-Ni should have a saturation
around grain sizes as small as 2–3 nm.
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